Abstract Based on evidence for herbaceous plants we expected that trees become more efficient in terms of soil exploration by roots and, thus, produce longer and finer roots (higher specific root length, SRL) with increasing elevation. We tested this hypothesis in situ by excavating roots of eight tree taxa, all belonging to genera found frequently in both lowland and high elevation sites. Across three treeline, one montane and four lowland sites from elevations ranging from 320 masl to 2,235 masl, no elevational differences were found in SRL for both broadleaved and conifer tree species. Irrespective of the elevation preference of a species, SRL of evergreen conifers was significantly lower than that of deciduous species. However, there is an increase in total root length for a given 3rd order root diameter with elevation in the broadleaved taxa. Our findings clearly demonstrate that a high SRL is not an essential attribute of trees growing in a cold high elevation climate in temperate regions, but there is some indication that fine roots get longer as elevation increases.
Introduction
It is widely acknowledged that soil temperature is one of the primary factors affecting plant growth in cool climates. In fact, soil temperature could be even more important than air temperature, because it usually lags behind (although it tracks) air temperature in spring (Pregitzer et al. 2000) , as well as during diurnal temperature fluctuations (Bliss 1956 ). In seedlings of both broadleaved and conifer species, root growth is clearly constrained below 6°C (Alvarez-Uria and Körner 2007), similar to shoot growth (cf. Körner 2008), irrespective of species or their elevational preferences. A strong growth limitation in roots below 6°C has been reported by several other authors (e.g. Bilan 1967; Tranquillini 1973; Turner and Streule 1983; Vapaavuori et al. 1992; Iivonen et al. 1999; Wan et al. 1999; Domisch et al. 2001; Landhausser et al. 2001; Solfjeld and Johnsen 2006) , although some minute root extension may be seen at lower positive temperatures (e.g. in Betula; Alvarez-Uria and Körner 2007). Cold soils are thus likely to co-determine the distributional limit of plants at high latitude or high elevations, and this limit should occur at lower latitude or elevation in trees compared with low-stature plants, because trees, unlike low-stature plants, are more closely coupled aerodynamically to free atmospheric convection and restrict soil heat flux by shading (and thus cooling) their own rooting zone (Körner 1998; Körner et al. 2003; Körner and Paulsen 2004) . Consequently, crowns and roots experience temperatures very similar to air temperature. In contrast, low stature plants ''engineer'' their own, warmer microclimate and exhibit more flexible and mostly shorter leaf duration and, thus, are able to grow at much higher elevations than trees can.
The expansion of a plant's root system does not only depend on the amount of biomass invested in roots, but it also depends on the way biomass is invested (e.g. the spatial arrangement of the root system) and the cost incurred in the construction of a given root length (specific root length, SRL m g -1 ). SLR is a measure of the amount of dry matter a plant invests to forage for soil resources and it has been shown that plants with larger SLR (''cheaper'' roots) are more vigorously growing (Ryser and Eek 2000) . In a field study, Comas and Eissenstat (2004) found that roots of fast-growing tree species had higher SRL, smaller diameters, greater degree of branching than those of slow-growing species, suggesting faster soil exploration by more vigorous species. In growth chamber conditions, one-year-old seedlings of tree species belonging to three plant families showed greater SRL (and thinner roots) in the faster growing species across families (Comas et al. 2002) .
The variability of morphological traits in roots, including SRL, under different environmental conditions has been studied by several authors. Short roots of Picea abies and Pinus sylvestris have been found to be thicker than those of Betula pendula (Ostonen et al. 2007a ). In the same study, mean length, mass and volume of root tips decreased in the order Picea abies [ Pinus sylvestris = Betula. pendula, while root tip frequency per unit dry mass was significantly higher in Betula than in Picea and Pinus. Across season, soil depth, and order, roots of Larix gmelinii were generally found to be significantly thicker and longer, have lower SRL and higher tissue density, than roots of Fraxinus mandshurica in Northeastern China (Wang et al. 2006) .
Few studies have explored the influence of low soil temperature on SRL. Root diameter was found to be smaller in cold-adapted populations of marsh plants compared with warm-adapted plants (Chapin, 1974) . Alpine forbs were reported to exhibit thinner roots and a higher SRL compared with low-altitude forbs (Körner and Renhardt 1987) . Higher SRL and, thus, more efficient investment of carbon for spatial soil exploration, was considered to compensate for the lower physiological availability of water and nutrients in cold habitats (Chapin 1974) or as a compensation for poorer mycorrhization (Körner 1998). However, seedlings of six typical treeline and lowland tree taxa did not exhibit any significant differences in SRL between cold and warm substrate when grown under controlled conditions (AlvarezUria and Körner 2007). Among the studied taxa, the SRL of broadleaved seedlings was always higher than that of conifers at all root temperatures. Thus, broadleaved species had longer roots per unit root mass in those seedlings. Different responses to life in the cold may be seen in situ and in mature trees rather than seedlings, given that there is a clear differentiation in root traits in situ between lowland and alpine taxa in herbaceous species (Körner and Renhardt 1987) .
In assessing the linkage between root architecture and function, root branching order is a functionally more appropriate criterion for standardised comparisons among taxa than root diameter classes (Eissenstat and Achor, 1999; Wang et al. 2006 , Guo et al. 2008 , Valenzuela-Estrada et al. 2008 , Comas and Eissenstat 2009 ). However, branching order cannot be obtained from root samples extracted from soil cores, but requires root excavation. According to Guo et al. (2008) , the finest two orders are primarily serving water and nutrient acquisition, with the third order typically being transitional between the predominant functions of absorption versus transport and anchorage.
The objective of the present investigation was to study in situ patterns of root structure, particularly SRL, in adult trees along elevational gradients. We expected that mature trees that live at high elevation (upper montane and treeline sites) have a higher SRL when compared to trees living at lower elevation, both across and within the species.
Materials and methods
We investigated 8 tree taxa, all belonging to genera frequently found in both lowland and high elevation sites:
Salix species (Ss) and Sorbus aucuparia L. (Sa). We collected roots from six pairs of elevationally distinct congeneric groups of trees (Alnus, Larix, Picea, Pinus, Salix, Sorbus) in Switzerland (Table 1) during July and August 2001. At each site, 4-5 individual trees (mostly 5) per genera, and two 3rd order root segments per individual were sampled from different locations within a few hundred meters distance (mostly 10 trees, yielding a total of 54 trees). In the mountain regions explored here, there is an obvious dominance of conifers and two genera of angiosperms (Alnus, Betula) at highest elevation, hence the relatedness of taxa with elevation may incur a phylogenetic bias that limits extrapolations to other floristic regions.
All sampling locations had well-developed humid soils and water-logged areas were avoided. All sampled trees grew on locations with full ground cover, either by neighboring trees (mostly) or by adjacent shrub or grass vegetation. So roots were faced with a natural competitive situation.
The soil surface near each sampling tree (within about one meter from the stem) was carefully removed with a shovel and by hand in order to search for root tips. Once a root tip was found, the associated root and its ramifications were excavated back from the tips to the base of a 3rd order root, in order to obtain a complete fraction of a given tree's root system. We considered fine unbranched terminal roots as first order and those at the next level of branching as second order (Fitter 1982) . As root properties change with age (from tip to base), we always compared the youngest root fraction, from the base of a 3rd order root, including all second and first order roots which ramified from it. Sampled roots were washed with tap water and immediately stored in formaldehyde (10% vol) for further analysis. Final cleaning of roots was performed over a 2 mm mesh sieve in water in the laboratory.
Total root length and mean root diameter per sample were calculated from 600-dpi scans (Epson Expression 1680 scanner, Epson, Meerbusch), using the software Rootedge 2.3b (Iowa State University Research Foundation, Inc., Ames, IA, USA, 2001). For scanning roots, they were placed in a transparent water filled tray to facilitate root spreading. Finally, all samples were dried to constant weight at 80°C and weighed. Specific root length was calculated by dividing root length (m) by root dry weight (g), for the whole root segment (from tips to the base of a 3rd order root).
We also made morphological analysis in order to explain trends in SRL. We measured root diameter at the base of the 3rd order root under a dissecting microscope. Further, we recorded root length from this point to the main tip, as well as the total number of root tips of each root fraction sampled. Root tips \ 0.5 mm in length were considered a separate category (not included in branching order 1). This morphological analysis was done in two root segments per tree, and two morphological ratios where calculated by (1) dividing root length (maximum distance from base to the main tip) by root diameter and (2) by dividing the total number of tips by root length.
Elevation (low and high) and genera effects were tested using two-way ANOVA. Effects were considered significant if P \ 0.05. A Tukey-Kramer test was used for multiple comparisons. To ensure homogeneity of variance and normal distribution, data were transformed using logarithm.
All the analyses were performed with the software jmp 9 (SAS Institute, Inc., Cary, NC, USA).
Results

Specific root length (SRL)
Across the taxa examined, there were no significant differences in SRL between high-(treeline and montane), and low-elevation sites (Table 2a , Fig. 1a) . However, genera differed in SRL, and there was no significant interaction between altitude and genera (Table 2a) . SRL was generally higher in broad-leaved than in conifer species: Salix, Sorbus and Alnus showed particularly high SRL (i.e. thin roots). Pinus and Picea showed the lowest SRL. Thus, most broad leaved genera exhibited greater root length per unit root mass, irrespective of elevation. There was also no elevational trend if taxa or conifer versus deciduous genera were tested separately.
Root diameter
There was also no significant difference in root diameter between high-(treeline and montane), and low-elevation sites (Table 2b , Fig. 1b ), but genera differed significantly and there was no significant interaction between the altitude and genera (Table 2b) . Salix, and Sorbus showed the thinnest roots, thus confirming the SLR data.
Ratio of root length to root diameter
Concerning the ratio between total root length and root diameter at the base of 3rd-order roots, there were significant Sites are sorted by mean growing season mean air temperature and tree species and climate data (for full species names see Methods). The length of the growing season period represents, approximately, the snow free period differences among the genera and a significant interaction between the elevation and genera (Table 2c ). This was because the broadleaved species had a higher ratio at high elevation (upper montane and treeline sites) when compared with conifers, but there were no differences between these two groups in the lowland sites (Fig. 2a) . These results indicate that broadleaved species at high elevation exhibit longer roots per basal diameter than low-elevation broadleaved species (one-way ANOVA, F (1, 28) = 16.87, p \ 0.001), a difference not seen in conifers.
Root tips per root length
There were significant differences among the genera and between the elevations, and a significant interaction between the elevation and genera in the ratio between the number of tips and root length (Table 2d , Fig. 2b ). Generally, Larix had the highest number of root tips per root length, followed by Salix. In the lowland, Alnus had also a high number or root tips per root length, but at the treeline this genera had the lowest value of this morphological trait. Sorbus showed the significantly lowest number of tips per root length if treeline and lowland sites were taken together. When each genus was analysed separately for elevation effects, only Larix and Table 2 Results of two-way ANOVAs for specific root length (SRL), root diameter, the ratio between root length and root diameter at the base of 3rd order roots, and the ratio between the number of tips and root length for elevation (low and high elevation sites) and genera Effects of plant functional type and elevation on mean (±SE) ratio of root length per diameter and root tips per root length, separated by plant functional type and elevation (low elevation versus high elevation sites, montane and treeline sites pooled) in six genera. 5 trees per species and site for the genera studied at both elevations (n = 54 trees; Ag, Alnus glutionsa; Av, A.viridis; Sa, Salix atrocinerea; Ss, Salix species; Sa, Sorbus aucuparia; Ld, Larix decidua; Pa, Picea abies; Ps, Pinus sylvestris; Pm, P. mugo; P \ 0.01 (double asterick); P \ 0.05 (asterick))
Alnus showed significant differences with a higher number or tips per root length in the lowland.
Discussion
Across three treeline, one montane and four lowland sites from elevations ranging from 320 masl to 2,235 masl, no elevational differences were found in SRL, for both broadleaved and conifer tree species. Thus, the low-and highelevation taxa, as a group, did not reveal any consistent differences in this trait. Irrespective of elevation preference of taxa, SRL of evergreen conifers was significantly lower than that of deciduous species (with the exception of Larix, which is more like the deciduous broadleaved taxa). Salix has an extraordinarily high SRL and very thin roots. It is to be explored, whether this contributes to the success of this woody genus at very high elevation and polar latitudes worldwide. Our findings clearly demonstrate that high SRL is not an essential attribute of tree existence at high elevations in the Alps. Acer, Betula, Fagus, Fraxinus and Quercus also do not show differences in SRL in relation to elevation in the Cantabrian Mountains of northwestern Spain (P. Alvarez-Uria, unpublished data). These in situ findings for adult trees are in agreement with the results of our earlier study with seedlings under controlled conditions (Alvarez-Uria and Körner 2007), which did not reveal any differences in SRL for seedlings grown at 6°C or 16°C. Thus, there is neither long-nor short-term change in dry matter investment per unit of root length for soil exploration in cold versus warm soils, and in both, juvenile and adult individuals. It appears that SRL in the studied tree species is a rather conservative trait. The other morphological traits (in our case the root thickness data) match the SRL data. The only trend with elevation is the observed increase in total root length for a given 3rd-order root diameter in the broadleaved taxa at high elevation. Hence, in this group of species the total (accumulative) length of root systems is 54% bigger in the colder sites. The higher SRL in broadleaved compared to conifer species is consistent with the findings of Reich et al. (1998) ; Bauhus and Messier (1999) ; Pregitzer et al. (2002) ; Ostonen et al. (2007b) . The differences in SRL among species documented in the present work support the view that SRL is associated with tree life-history traits (Reich et al. 1998) .
The current work explored root-specific traits. Total root system traits (whole plant level) would require knowledge about total fine root mass and length for complete individuals and information on root longevity, both not available and not easy to obtain for the trees examined here. There is some indication that the annual rate of root length growth is reduced at high elevation (Graefe et al.2008 , for tropical mountain forests), and following the global trends compiled by Gill and jackson (2000) one would expect slower root turnover at high elevation, which by itself would enhance the fine root fraction (longer root duration). Bernoulli and Körner (1999) found no overall elevational change in the root mass fraction for three conifer species growing near the treeline. In one species (Pinus uncinata) there was even a declining trend.
Overall, the results of this study do not support the hypothesis that tree roots are generally becoming more efficient in terms of dry matter invested per length or length per diameter as elevation increases in the Alps. Yet, in the subgroup of deciduous species such a trend for longer roots is evident, although this does not significantly affect the SRL. The data are fairly consistent within each plant functional group and match our observations from controlled environment tests with seedlings where these root traits were unresponsive to soil temperature (Alvarez-Uria and Körner 2007). The exceptional patterns seen in Salix (extremely high SRL; many high alpine and arctic species) point at potential adaptive signals that deserve further exploration. We conclude that should there be an elevational adjustment of tree fine root traits across taxa, it is not specific root length and root diameter which contribute to such a change in our test region. Fine root longevity and/or overall tree fine root fraction per tree are potential candidates for such elevational adjustments.
